Biobased cyanate ester (CE) nanocomposites have been prepared from renewable resource, epoxidized soybean oil (ESO) and in situ generated nano-silica via sol-gel process. The isothermal curing process was investigated by differential scanning calorimetry (DSC) and rheometry. The results indicate that the incorporation of silica accelerates the reaction at the beginning stage of curing process but descends the final isothermal curing conversion. The morphological study of nanocomposites by scanning electron microscope and transmission electron microscope suggests that the silica exists in the forms of both nanoparticles and silica networks, while the diameter of ESO-rich phase diminished with the increase of silica loading. In addition, the thermal-physical and mechanical properties were evaluated by dynamic mechanical analysis, thermogravimetric analysis, and tensile mechanical test. The biobased CE nanocomposites show effectively improved properties compared to the systems without nano-silica. POLYM. ENG. SCI., 51:426-433, 2011. ª 2010 
INTRODUCTION
Natural products, as renewable resources, have attracted continuously growing interest because of their advantage of eco-friendliness for industrial applications, of which the study on biobased polymers composed of renewable resources and polymers is a typical example. In the recent years, extensive work has been done to develop biobased polymers, including protein-based polymers [1] , biobased epoxides [2, 3] , biobased polyurethanes [4] [5] [6] [7] , biobased unsaturated polyesters [8, 9] , and biobased cyanate ester (CE) resin [10] .
The biobased polymers mentioned earlier can replace petroleum-based polymers in some engineering fields, because renewable resources based polymers can compete with or even surpass the existing petroleum-based materials on a cost-performance basis with the added advantage of eco-friendliness [9] . In the meantime, it is not necessary to completely replace petroleum-based polymer materials immediately. A good solution combines different features and benefits of both synthetic and biobased materials to reduce the dependence on petroleum. Consequently, biobased materials can be used to modify thermosetting resins, such as CE resin, which is one of the most important thermosetting resins because of their outstanding mechanical, thermal, adhesive, and electronic properties [11] .
Vegetable oil represents one of the cheapest and most abundant natural products available in large quantities, and its use as starting material offers numerous advantages, such as low toxicity and inherent biodegradability [12, 13] . The double bonds in these vegetable oils are used as reactive sites in coatings, and they can also be functionalized by epoxidation. Epoxidized vegetable oils show excellent potential as inexpensive, renewable materials for industrial applications [14, 15] . At present, of all the available vegetable oils, soybean oil appears to be the most attractive alternative resource for biobased materials because of its low price and abundant supply.
Epoxidized soybean oil (ESO) is currently mainly used as a plasticizer or stabilizer to modify the properties of plastic resins such as PVC [16] . Currently, ESO is also beginning to be applied as a reactive modifier or diluent for other polymer systems. For example, Park et al. [17] have studied the ESO modified epoxy networks, the critical stress intensity factor and flexural strength of the blends were increased up to 10 wt % ESO content. However, the thermal stability and glass transition temperature were slightly decreased due to the decrease in cross-linking density [18] .
Generally, the current difficulties in most of the biobased polymers for industrial applications are mainly due to their inferior thermophysical and mechanical properties, such as modulus and glass transition temperature, in comparison with the conventional petroleum-based polymers.
Although in another aspect, numerous nanoparticles have been used to modify polymer matrix, the nanomaterials show quite good properties, such as increased elastic modulus [19] [20] [21] and good thermomechanical properties [22, 23] . Nevertheless, there are still some great challenges for nanocomposites, such as difficulty in particle dispersion [24] , deterioration in some properties like stiffness increase in high-cross-linked polymer systems especially [25] . For preparing composites, one of the most important methods is the in situ sol-gel process, which allows generating inorganic nanoparticles into the polymer network under mild conditions [26] [27] [28] [29] .
We have therefore proposed to combine the advantages of biobased modifier and thermal-mechanical property improvements of composites to amend their respective drawbacks. In our previous article [10] , CE resin had been modified with ESO, the biobased materials show enhanced elongations at break but decreased storage modulus. In this article, nano-silica was in situ generated into the biobased materials to avoid the aggregation of nanoparticles, at the same time, the negative effects of nanoparticles were also balanced by the ESO rubber. The resulting biobased composites show enhancements in both thermal and mechanical properties compared to previous modified systems with only a single modifier.
EXPERIMENTAL

Materials
The CE resin 1,1 0 -bis(4-cyanatophenyl) ethane with a cyanate equivalent of 132 g/equiv was obtained from Shanghai Huifeng Technical and Business Co. (Shanghai, China). The biobased modifier, ESO (oxirane contains as 6.8%) was supplied by Shanghai Tongxin Chemical Auxiliary Plant (Shanghai, China). Tetraethyl orthosilicate (TEOS) was purchased from Sinopharm Chemical Reagent Co., (3-glycidoxypropyl)-trimethoxysilane (GLYMO), copper (II) acetylacetonate, and nonylphenol were supplied by Sigma-Aldrich.
Preparation of Composites
The mixture of CE and ESO in the weight ratio of 80:20 was chosen to be the biobased CE resin matrix, herein designated as CES. CES was first dissolved into five times weight of tetrahydrofuran (THF), TEOS, and GLYMO in the weight ratio of 175:1 were then added to the above solution and stirred until a transparent solution was obtained. The sol solution was stirred continuously in ambient condition for 6 h after the pH was adjusted at about 1.5 using HCl (0.1 N). The weight ratios of TEOS to CES were 3.5, 7.0, and 17.5%, which were corresponding to 1, 2, and 5 wt % of silica to CES, and the consequent composites were designated as CES-S1, CES-S2, and CES-S5, respectively, where S represented silica, the controlled biobased resin matrix CES was designated as CES-S0.
The resulting clear sol solution was put in an oven of 608C to evaporate THF and further complete hydrolysis and polycondensation reactions. The residual THF, water, and ethanol were removed under vacuum at 858C for 1 h after most of the solvent was evaporated at 608C. The composites were cured with copper (II) acetylacetonate as a catalyst and nonylphenol as a co-catalyst. The mixing ratio was 100 parts of the CES to 0.05 parts of the catalyst and two parts of the co-catalyst by weight.
The samples were degassed under vacuum for a few minutes and then cured isothermally at 1778C for 2 h and postcured at 2108C for 2 h.
Differential Scanning Calorimetry
The curing conversions and reaction rates were determined by Perkin-Elmer differential scanning calorimeter (DSC, Pyris 1). The DSC was calibrated with high-purity indium. The samples around 10 mg were weighed and loaded into small aluminum lid, then the temperature was increased from RT to 1778C at 2008C/min and kept at 1778C under a nitrogen flow of 20 ml/min, and the heat flow curves were obtained. The total reaction heat of samples was obtained by the summation of the heat of reaction generated during the isothermal run, and the residual heat of reaction generated during the second scanning run using a 108C/min heating rate from room temperature to 3008C. The isothermal curing conversions were calculated from the contrasting of curing exotherms with the total exotherms of uncured samples.
Rheological Measurement
The melt-viscosity variations of the composites during curing reaction were recorded on ARES-4A rheometer by TA Instruments. About 1 g of the composites was sandwiched between two round plates, and the plate distance was then adjusted to about 1 mm. All the blends were tested under a parallel plate mode with a controlled strain of 1% to ensure that measurements were performed under linear viscoelastic conditions. The test frequency was set at 1 rad/s. The diameters of the plates used for testing were 25 mm.
Electron Microscopy
The morphology of the cured samples was observed by scanning electron microscope (SEM, TS5136MM) and transmission electron microscope (TEM, Hitachi H-600). The cured samples for SEM examination were fractured in liquid nitrogen, and then the fracture surface was coated with a fine gold layer.
Dynamic Mechanical Analysis
The dynamic mechanical properties were collected with a Netzsch DMA 242 operating in the three-point-bending mode at an oscillation frequency of 1.0 Hz. The specimens for DMA were prepared in the form of cuboid bars with nominal dimension of 1 3 15 3 50 mm 3 . The data were collected from ambient temperature to 2608C at a scanning rate of 38C/min. The glass transition temperature (T g ) was assigned as the temperature at which the loss factor was the maximum. There were at least three specimens of each composition were tested.
Thermogravimetric Analysis
Thermal gravimetric analysis (TGA) were performed on a Pyris 1 TGA (Perkin Elmer, USA) by heating samples from 100 up to 8008C at a heating rate of 208C/min under air flow.
Tensile Mechanical Testing
The tensile mechanical testing of cured samples using ''dog-bone'' tensile species was recorded on an Instron-5565 universal tester at a constant temperature according to China State Standard GB 1040-79.
RESULTS AND DISCUSSION
Isothermal Curing Process
The isothermal curing processes of the biobased CE resin (CES) and composites were studied by DSC. Figure 1 shows isothermal curing conversions and reaction rates of CES and its composites with various silica loadings cured at 1778C isothermally. There is a clear effect of silica loading on curing conversions and reaction rates of CES and its composites. It is found that the reaction rate reaches a maximum value after the beginning of reaction from Fig. 1b . The reaction times corresponding to the maximum of reaction rates of composites are shorter than that of CES; moreover, the maximum values of reaction rates of composites rise with increase of silica loading, which suggest that incorporation of silica to CES accelerates reaction. In previous works, it has been found that the introduction of nanoinorganic components into thermosetting matrix showed different effects on the cure behavior as well as the rheological behavior [30, 31] . This acceleration could result from the existence of a large number of hydroxyl groups on the surface of silica, which could catalyze the curing reaction of CE and enhance the reaction rate.
From Fig. 1a , the isothermal curing conversions of composites were lower than that of CES (CES-S0); moreover, the curing conversions of composites descend with increase of silica loading, which could be mainly attributed to the following factor. As the curing reaction proceeds, the reaction at late stage is mainly controlled by diffusion because of lower concentration of reacting species [31] , and then, the existence of nano-silica could retard and significantly decrease the mobility of reacting species; therefore, the curing conversions of composites descend with increase of silica loading.
The isothermal curing behavior has an obvious effect on the rheological behavior, which has also been investigated. The evolutions of complex viscosities at the early stage of curing process of CES and its composites with various silica loadings cured at 1778C isothermally are shown in Fig. 2 . All the samples have very low viscosity at the beginning of the curing reaction; however, the addition of nano-silica clearly increases the initial viscosity. After a short induction period, all the samples show a rapid increase of complex viscosity and then slow down after about 100 s. The induction time before rapid increase of complex viscosity of CES is longer than that of the nanocomposites. Moreover, as the gel point can be tested by rheometry as the cross-over point between the storage and loss moduli, the gel times of the samples are obtained as about 51 s for CES-S0, 46 s for CES-S1, 54 s for CES-S2, and 67 s for CES-S5, which also confirms that the incorporation of silica to CES accelerates reaction. However, the final complex viscosity of CES-S0 cured at 1778C isothermally is higher than that of the composites. Moreover, the final complex viscosities of the composites cured at 1778C isothermally descend with increase of silica loading. The results are in agreement with corresponding curing conversion discussed earlier.
In addition, it is also believed that the rheological behaviors are closely related to the phase structures of blends, even though the reaction rate and degree have dominating influences on the rheological behaviors during isothermal curing process.
Morphologies
The morphologies of fractured surface of biobased CE composites were observed by SEM and TEM. As shown in Fig. 3 , the voidlike phases (i.e., ESO-rich particles, corresponding to the holes in the SEM images) of composites is similar to that of the CES as we have reported previously [10] . However, the average diameter of the voidlike phase decreases with increase of silica loading.
The diameter of voidlike phase was measured in several randomly selected squares of 10 3 10 lm from the SEM images and calculated the average diameter and standard error. The average diameter of voidlike phase in composite CES-S1 is about 1.0 lm with a standard error of 0.15 lm, which is smaller than that of CES (about 1.2 6 0.15 lm [10] ). It is about 0.8 6 0.2 lm in the composite CES-S2 and in the composite CES-S5, and the voidlike phase is obviously dual-distributed, and their average diameters are 0.6 and 1.5 lm, respectively. In addition, the quantity of ESO-rich particles diminishes with the increase of silica loading. The effect of nano-silica on morphologies of composites could result from the restraint of nano-silica to the phase separation, which has a positive effect on the thermophysical and mechanical properties.
The TEM micrographs of CES-S2 and CES-S5 in Fig. 4 are taken at a higher magnification to examine the nano-silica dispersion and distribution. In CES-S2 of lower silica content composites (Fig. 4a) , ESO-rich particle (the light region) with the diameter of about 0.9 lm, corresponding to the voidlike phase in SEM image of CES-S2, can be found, and cloudlike darker regions in the ESO-rich particle could also be observed, which correspond to the silica networks formed by acid-catalysis in sol-gel process [27] . However, few silica nanoparticles can be found in the cured polymer network (the dark region).
Meanwhile, in CES-S5 composites (Fig. 4b) , it can be observed clearly that there are well-dispersed silica nanoparticles (the darker spots) with diameter of 10-20 nm located in the cured polymer network (the dark region), which confirms that the silica nanoparticles are in situ generated via sol-gel process. Although ESO-rich particle (the light region) with the diameter of 0.7 lm, corresponding to the voidlike phase in SEM image of CES-S5, can also be found. Unlike the cured polymer network, no silica nanoparticle can be observed in the ESO-rich parti- cle, but which does not suggest that no silica component exists in ESO-rich particle.
Actually, after taking a magnified image of the ESOrich particle, cloudlike darker regions in the ESO-rich particle could also be observed. Therefore, nano-silica has been generated in the composites and exists in the forms of silica networks in ESO-rich phase at lower silica content and then further forms nanoparticles in CE-rich phase with the increase of silica content.
Thermal-Physical Properties
With the significant differences in morphologies, the incorporation of nanoparticles would be anticipated to impact final properties of these composites.
The thermal-physical properties of the biobased CE composites with various silica loadings were evaluated by dynamic mechanical analysis (DMA) and thermogravimetric analysis (TGA). The dynamic storage modulus (E 0 ) and loss factors (tan d) for the composites with various silica loadings are shown in Fig. 5 . As we have reported previously [10] , the E 0 and T g of the CES are much lower than that of neat CE network. However, as pursuing the composites, it is worth noticing that the storage moduli of the composites have been improved significantly in the glassy state compared to the storage modulus of CES; moreover, the storage moduli of the composites are higher than that of CES over the temperature range studied. As shown in Fig. 5a , the storage moduli of the composites at 1008C are enhanced of 25-40% when 1, 2, and 5% nanosilica are introduced via in situ sol-gel process. The increase in storage modulus could be mainly attributed to hindrance of well-dispersed nano-silica to mobility of polymer chains, as proven in the study of other composites [23] . Besides, it is observed that the storage modulus of CES-S5 is lower than that of CES-S2 over the temperature range studied, which could be due to silica nanoparticle-induced network disruption as reported by Brinson et al. [32] and create defects in polymer network. However, as shown in Fig. 5b , the glass transition temperatures (T g ) determined from the maximum of loss factor peaks does not alter much for the composites compared to CES and even the T g of composite CES-S5 decreases, which could be the result of silica nanoparticle-induced network disruption, the polymer network near nanoparticle interface may be disrupted when the cross-link density becomes high with curing and thus leads to a decrease in final cross-link density and diminished T g , as studied by Brinson et al. [32] .
The thermal stability of the neat CE and biobased CE composites with various silica loadings were investigated by thermogravimetric analysis (TGA) under air atmosphere. Figure 6 shows the TGA curves and the corresponding derivative curves, and Table 1 summarizes the TGA data. It is observed that there are three obvious degradation processes for neat CE, which has been reported by Ramirez [33] and Hamerton et al. [34] as (i) random scission and cross-linking of the hydrocarbon backbone between 400 and 4508C; (ii) decyclization of the triazine ring between 450 and 5008C, with the liberation of lowmolecular weight volatile compounds and the formation of a primary solid residue; and (iii) decomposition of the primary residue between 500 and 7508C. By contrast, there is a new degradation processes for the biobased CE resin and composites at lower temperature, which is attributed to degradation of ESO in ESO-rich phase.
The temperatures corresponding to 5 wt % of weight loss (T 5%loss ) of composites are higher than that of CES, FIG. 6 . TGA curves of neat CE, the CES and its composites with various silica loadings after cured at 1778C for 2 h and postcured at 2108C for 2 h. TABLE 1. TGA data for neat CE, the CES, and its composites after cured at 1778C for 2 h and postcured at 2108C for 2 h. which suggests that incorporation of nano-silica improves the thermal stability of biobased CE composites due to the hindrance of well-dispersed nano-silica to mobility of polymer chains at lower degradation temperature. The derivative curves reveal the temperatures of maximum weight loss rate (T peak ) of each degradation process, and the results are summarized in Table 1 . T peak 1st , T peak 2nd , and T peak 3rd are the temperatures of maximum weight loss rate of the degradation process of ESO, cross-linked polymer network, and thermo-oxidative degradation, respectively. The T peak 1st of composites is higher than that of CES, which suggests that there is silica component exists in ESO-rich phase and thus improves the thermal stability of ESO, being in agreement with their morphologies. However, the T peak 2nd s of CES and its composites are approximate the same value, which could be due to the slight influence of silica on degradation of cross-linked polymer network at higher degradation temperature (4308C), again the T peak 2nd s of CES and its composites are lower than that of neat CE, the ESO in cross-linked polymer network could be responsible to the decrease because of its lower degradation temperature. The thermal-oxidative degradation takes place when the temperature is higher than 5508C, but the T peak 3rd s of composites are lower than that of CES, and all of them are lower than that of neat CE.
Mechanical Properties
The tensile properties of studied systems are shown in Table 2 , the Young's modulus of biobased CE composites increased of about 30-38% compared to CES because of the high-silica modulus, although they are still much lower than that of neat CE [10] . This can be mainly attributed to the negative effect of ESO-rich rubber phase. In the meanwhile, the tensile strengths are also improved with incorporating nano-silica. The improvement in Young's modulus and tensile strength indicates that the elasticity of composites is better than that of biobased CE resin, which could be attributed to the interfacial interaction between biobased polymer matrix and nano-silica as well as the restriction of nano-silica to biobased polymer matrix. In addition, the Young's modulus and tensile strength of CES-S5 do not increase compared to CES-S2 as expected, which could due to silica nanoparticleinduced network disruption as described in DMA analysis and create defects in polymer network.
It is noticed that the elongations at break of CES-S1 and CES-S2 are almost equal to CES with neglectable fluctuations. As for the elongations at break of CES-S5, there is a decrease of about 8%. The elongations at break of CES and its composites are double the amount of neat CE [10] , that is, at appropriate contents of nano-silica, the biobased CE nanocomposites possess superior thermo and mechanical properties.
CONCLUSIONS
Biobased CE nanocomposites have been prepared via sol-gel process and the nano-silica exists in the form of nanoparticles and silica networks. Isothermal curing study of CES and its nanocomposites reveals that the differences in the cure behavior and rheological behavior were caused by silica loadings. The incorporation of silica accelerates reaction at the beginning stage of curing process and decelerates reaction at the late stage of curing. The final isothermal curing conversions of CES and its nanocomposites descend with increase of silica loading. The morphologies of the nanocomposites are voidlike phases corresponding to ESO-rich particles, the average diameters of which descend with increase of silica loading. In addition, the thermalphysical and mechanical properties of biobased CE nanocomposites have been improved effectively compared to CES. The storage moduli of the nanocomposites are increased 25-40% compared to that of CES. The incorporation of nano-silica also improves the thermal stability compared to CES. The Young's modulus and tensile strength have been improved simultaneously without scarifying the elongation at break. 
